We investigate temperature dependence of spin-resolved subband structure and spontaneous magnetization for different doping profiles of magnetic impurities in diluted ͑Ga,Mn͒As quantum well structures. The selfconsistent hole subband energies and wave functions are determined by solving combined Schrödinger and Poisson equations numerically. We included the coupling effects among heavy-hole, light-hole, and split-off bands ͑six-band model͒ in our calculation and compared the result with the case of two-band model. We show that selective doping of magnetic ions in GaAs quantum well enhances the Curie temperature T c significantly, but holes occupying light-hole subbands result to reduce spontaneous magnetization and hence the Curie temperature of the system. This reduction effect reveals more clearly near the T ϳ T c hindering an increase in the Curie temperature in a selectively Mn-doped system.
I. INTRODUCTION
Electrical control of magnetic properties of spintronics materials has drawn much attention over the past decades, primarily challenging to combine storage and processing of information at practical operation temperature. Diluted magnetic semiconductor ͑DMS͒ Ga 1−x Mn x As reveals ferromagnetic phase at low temperature and has become a prototypical ferromagnetic semiconductor. Its magnetic properties can be tuned by varying carrier concentration, since ferromagnetic ordering between magnetic impurities is mediated by carriers. 1, 2 However, device applications of DMS material have been limited due to low values of ferromagnetic transition temperature T c . Recently, its T c was reached to maximum 185 K ͑x Ϸ 12%͒ by post-growth low-temperature annealing, 3 but it is still lower than room temperature. For a quantum well ͑QW͒ structure, the distributions of magnetic impurities and charge carriers can be controlled by the well parameters such as the width and the depth of the QW or doping profiles. It was suggested that T c would be tuned by varying the parameters of the host semiconductor and QW geometry 4, 5 or doping profiles of magnetic impurities ͑in two-band model͒. 6 It is also reported that T c is high up to 250 K in Mn ␦-doped GaAs/Be-doped AlGaAs heterostructure 7 and that T c can be tuned with the width of AlAs layers in Ga 1−x Mn x As/ AlAs multiple QWs. 8 Hybrid structures of ferromagnet and semiconductor are promising for combining properties needed to overcome the limits of conventional information devices. One can imagine various hybrid structures formed in a DMS Ga 1−x Mn x As QW doped selectively with Mn impurities. 6 In this Brief Report, we show self-consistent spinresolved subband structure and temperature dependence of spontaneous magnetization of two-region selectively Mndoped Ga 1−x Mn x As DMS QWs ͑see, for example, Fig. 1͒ . We compare the results of two-band and six-band model calculations for three different Mn-doping profiles and study the connections between the magnetic properties and doping profiles of magnetic ions in the GaAs QW.
II. THEORY
Let us consider a structure, in which Mn ions are selectively doped in the GaAs region of ͑Al,Ga͒As /GaAs/ ͑Al,Ga͒As QW ͑we take the z axis parallel to the given direction of the heterostructure͒. The Hamiltonian of a hole in the structure is given by
Here H 0 is the one-particle Hamiltonian of a hole in the one-dimensional confinement potential V͑z͒ of the QW. v s.c. ͑z͒ is the sum of the Hartree potential of free holes and the potential due to ionized magnetic ͑acceptor͒ impurities, and it should be determined self-consistently. 6 The itinerant two-dimensional ͑2D͒ hole concentration is n 2D = ␣͑x eff N 0 ͒ ϫ 2d Mn , where x eff is the effective mole fraction of uncompensated Mn moments and N 0 is the number of cation sites per unit volume. And ␣ is the "doping efficiency" denoting the density ratio of uncompensated Mn impurities and itinerant carriers. 9 v xc ͑z ; ͒ denotes a spin-dependent exchangecorrelation potential 10 and H ex ͑z͒ is the exchange interaction
Hamiltonian between Mn spins S ជ and hole spins ជ , which is approximated by H ex
6,9,11 Here r ជ and R ជ are coordinates of a hole and cations, respectively, J pd is exchange coupling constant. In order to calculate the subband structure of holes in the valence band of the QW, we write the subband wave function of a hole in the form
e i͑k x x+k y y͒ jᐉ ͑z͒u j0 ͑r ជ͒. ͑2͒
Here indices j and ᐉ denote the ͑spin-resolved͒ band index and subband quantum number, respectively, and u j0 are Bloch functions at k ជ = 0 of the valence band, which consists of heavy-hole ͑hh͒, light-hole ͑lh͒, and split-off band states. Using the wave function of Eq. ͑2͒, we transform the Schrödinger equation of Hamiltonian H given by Eq. ͑1͒ into 6 ϫ 6 matrix equation as follows:
Now one can evaluate ͕E ᐉ , iᐉ ͖ numerically at finite temperature for a given Mn-doping profile using such a technique as the finite difference method. 13 The explicit matrix representations of Hamiltonian components of H in Eq. ͑3͒ are given as follows. First, the oneparticle Hamiltonian H 0 is written as 12, 14 
where H hh , H lh , H ls , and H so are defined by
Here ␥ i ͑z͒͑i =1,2,3͒ are Luttinger parameters, which describe the anisotropy of the valence band and they have direction dependence of the QW structure. ⌬ is the energy split of split-off band at k ជ = 0, and V 0 ͑z͒ and V 1 ͑z͒ are confinement potentials of hh and lh bands and split-off band, respectively. Second, the exchange interaction Hamiltonian H ex can be represented as 
We note that is proportional to spin-polarized hole density n ↓ ͑z͒ − n ↑ ͑z͒. Finally the potentials v s.c. ͑z͒ and v xc are described as a function of total hole density n͑z͒ or spin polarization = n ↓ −n ↑ n ↓ +n ↑ and they are added to diagonal components in the Hamiltonian matrix. In actual calculation of those potentials, we need areal concentrations of holes occupying each subband of the QW. At finite temperature T, we define the areal concentration n ᐉ 2D of holes occupying the ᐉ th subband of bottom energy E ᐉ as
Here ᐉ 2D ͑E͒ = m e / ͑2ប 2 ͒͑E ᐉ − E͒ is the density of states of a 2D system and f͑E͒ is the Fermi-Dirac distribution function for holes. m ᐉ eff is the ratio between electron mass m e and effective mass of a hole in the ᐉ th subband state, which consists of a linear combination of hh, lh, and split-off band states:
where m j 's indicate the effective masses of the valence band for bulk. For the case of GaAs, effective masses of hh, lh, and split-off bands are m hh = 0.5m e , m lh = 0.076m e , and m so = 0.145m e , respectively. 16 By integrating Eq. ͑7͒, one can write the 2D hole density n ᐉ 2D of the ᐉ th subband as follows:
ͪͬ. ͑9͒
Here is the chemical potential of the system. And the spatial distribution of holes ͑with spin ͒ in the spin-polarized ᐉ th subband is given by n ᐉ ͑z͒ = ͚ j=1 gyromagnetic ratio of Mn ion and Bohr magneton, respectively.
III. RESULT AND DISCUSSION
Following the prescription described in the preceding section, we evaluate the spin-resolved subband structure ͕E ᐉ , iᐉ ͖ and magnetization in AlGaAs/͑Ga,Mn͒As/AlGaAs QWs. In order to study the variation in magnetic properties for different Mn-doping profiles, the effective number of Mn impurities is kept constant in GaAs well. So, the x eff is adjusted in accord with the total width L M of Mn-doped layers. In actual calculation, we took x eff = 0.035 and x eff = 0.0875 for uniform ͑L M =10 nm͒ and selective ͑L M =4 nm͒ Mn-doped cases, respectively. For selective Mn doping, the width of each piece of magnetic layer in the well is d Mn = 2 nm and L M =2d Mn ͑see Fig. 1͒ . We also investigate coupling effect of heavy-hole, light-hole, and split-off bands for a given selectively Mn-doped QW. Figures 2͑a͒ and 2͑b͒ show the temperature dependence of subband bottom energies E ᐉ in six-band and two-band models, respectively, for the case that Mn impurities are doped near the central part of the GaAs QW. The doping efficiency ␣ is taken to be 0.02, which is about the same order as that estimated in experiment. 17 The temperature is scaled in units of T c of the structure. Here the thick solid and dashed ͑blue͒ lines indicate the subband bottom energies of hh states, and the thin solid and dashed ͑red͒ lines denote the result of the lh states. The dash-dot ͑green͒ line is the chemical potential . The subband states above the chemical potential are occupied by itinerant band carriers ͑holes͒. In six-band calculation shown in Fig. 2͑a͒ , the lh subband states, which are neglected in two-band model, are occupied by holes. Although the hh subband states are spin polarized, the lh subband states are spin mixed as shown in Fig. 2͑a͒ . The difference between lh1 subband bottoms and chemical potential is proportional to hole concentration of the lh1 subbands. We note that the hole concentrations of the lh1 subbands are increased as the temperature increases. Because the spin direction of lh subband is different from that of hh hole, spin polarization of the system is evaluated to be reduced in the six-band model in comparison with the case of the two-band model. In our calculation, the ratio n lh 2D / n hh 2D is calculated to be 0.065 in the temperature region of T / T c ϳ 1.0, in which n lh 2D has the largest value. Hence, the hole concentration of the lh subbands is relatively small in comparison with hole concentration of hh subbands, but its influence on the spin polarization and spatial distribution of holes is not negligible. As an example, Fig. 3 illustrates the spin-resolved carrier distribution of holes in the QW at T / T c = 0.85. Here the thick and thin solid ͑blue͒ lines indicate the spatial distribution n ͑z͒ of majority ͑ ↓ ͒ and minority ͑ ↑ ͒ spin holes, respectively, obtained in six-band model, and the dashed ͑red͒ lines are the result of two-band model. We note that the spin polarization and number of holes in the magnetic layers ͑gray regions͒ are overestimated in the two-band calculation. Here, we observe that the variation in the spatial distribution of the holes occupying subband states is in accord with the subband structure shown in Fig. 2 . Figure 4 shows the temperature dependence of spontaneous magnetization for three different Mn-doping profiles in a 0 , the saturation value of M͑T͒ and Curie temperature for the case of uniformly doped Mn impurities in six-band model. We note that selective Mn doping enhances the ferromagnetic tendency of the system in comparison with uniform doping and the case of Mn impurities doped selectively near the well edges shows higher value of T c than the case of Mn impurities doped near the central part of the well. Our result shows that, for the former case, the kinetic exchange interaction between holes and Mn ions become large to result in an effective potential V eff ͑z͒, which distributes most of the carriers in the magnetic region doped with Mn. Then the spatial overlap between Mn impurities and holes is greatly enhanced and the value of M͑T͒ is more sensitive to the changes in and n ͑z͒ of itinerant carriers compared to the case of uniform Mn doping. We conjecture that this phenomenon should appear more distinctly as the number of holes overlapping with Mn impurities increases. We also observe that the discrepancy between spontaneous magnetizations M͑T͒ from two-band and six-band calculations become large as the temperature is increased, especially for the structures with magnetic layers near the well edges. Main reason of the discrepancy between two model calculations is directly related whether light-hole and split-off subband states are occupied by carriers. This observation appears more clearly near the critical temperature.
In summary, we studied spin-resolved subband structures and spontaneous magnetization of diluted ͑Ga,Mn͒As QWs taking into account of the coupling effect of valence bands. We find that selective Mn doping in GaAs QW enhances the Curie temperature T c significantly. Although the number of holes in lh subbands is relatively small in comparison with those of hh subbands, they considerably influence magnetic properties as the temperature approaches the Curie temperature. Experimental confirmation of our finding in DMS ͑Ga,Mn͒As QW structure would be of great use to realization of practical operation temperature of DMS material in spintronics applications.
